The objective of this study was to screen starches recovered from the corn accessions used in the Germplasm Enhancement of Maize (GEM) project for unusual thermal properties and paste and gel behaviors, so that they could be exploited in corn breeding programs to enhance traits important to corn utilization. In general, the values for gelatinization temperatures and peak height indices were greater, but heat of gelatinization values were less for the starches recovered from the GEM accessions (particularly BRA 052051 (SE 32)) than for starches from commercial Dent corn hybrids (11.3 vs. 13.6 J/g). Generally, retrogradation properties were similar among the GEM accessions, although there were specific accessions (particularly Lima 13) that possessed modestly lower percentage retrogradation (34 vs. 42%). Generally, peak viscosities, cold paste viscosities, and viscosity breakdowns were greater for the starches of the GEM accessions (particularly ARZM 01150, Antiqua 3, and URZM 01089, respectively) than for the starches of commercial hybrids. Pasting temperatures were about the same for all starches. Both 1-day and 7-day gel strengths were considerably greater for the starches recovered from the GEM accessions (particularly BRA 052051 (SE 32), 21.0 g for 1-day and FS8A(T), 66.2 g for 7-day). Although the differences in starch properties were statistically different, only the higher gel strengths of the starches recovered from the GEM accessions were of practical significance to the starch industry. 
Many are concerned about the narrowing genetic base of maize and about increased genetic vulnerability to changes in environmental and agronomic conditions, and new insect and disease pressures (National Academy of Sciences 1972; Brown 1975; Crossa and Gardner 1987) . Exotic germplasm is of considerable interest to further improve maize and to maintain productivity in a period of changing environment and agricultural practices (Hallauer 1978; Geadlemann 1984) . Exotic germplasm may also be source valuable corn traits important to processing and utilization.
Limited information is available on the variability in functional properties of starches recovered from commercial maize inbreds and even less for starches recovered from exotic maize germplasm. Li et al (1994) found significant genetic variability in thermal properties of starches isolated from tropical and semitropical maize germplasm, but the ranges in properties were small, especially compared with corn endosperm mutants. Campbell et al (1995) also used differential scanning calorimetry (DSC) to examine a set of normal Corn Belt Dent hybrids and suggested that DSC had application in breeding programs to screen germplasm for extreme values for developing breeding lines with unusual starch properties through crossing and recurrent selection. White et al (1990) studied intraand interpopulation variability in thermal properties of starch from normal Southern Dent and exotic corn populations and found significant differences among plants of the same population as well as differences between populations. Pollak and White (1997) compared nine exotic maize inbreds, nine Corn Belt inbreds, and their crosses obtained from and grown in Argentina, Uruguay, and South Africa with Corn Belt inbreds and their crosses, and found that the Corn Belt inbreds varied more in gelatinization properties but less in retrogradation properties.
The Germplasm Enhancement of Maize Project (GEM) is a unique cooperation between the public and private sectors that has initiated efforts to strengthen U.S. corn hybrids for increased yields, agronomic characteristics, and value-added traits by using exotic germplasm. GEM is the successor to the Latin American Maize Project (LAMP) that was launched in 1987 by the U.S. Department of Agriculture, Agriculture Research Services (USDA-ARS) and 11 Latin American countries with funding from Pioneer Hi-Bred International (Johnston, IA). The primary goal of LAMP was to evaluate and maintain the irreplaceable corn germplasm bank of Latin America and the United States.
LAMP evaluated over 12,000 accessions grown at 70 locations in the United States and Latin America. Screening was done on the basis of yield potential and agronomic characteristics. Of these accessions, 270 were selected as potential sources of high yields, with 51 chosen to initiate GEM.
The objective of the present study was to screen 49 GEM or future GEM accessions (already selected on the basis of yield potential and agronomic characteristics) for thermal properties and paste and gel behaviors of the starches. The GEM accessions possessing unique properties might be useful in developing hybrids with unique starches for added value or additional uses. A companion article examines the compositional, physical, and wet-milling properties of the grain from the same 49 GEM accessions (Singh et al 2001) .
Starch Recovery
Corn samples were wet milled using a 100-g laboratory-scale wetmilling procedure originally developed by Eckhoff et al (1996) and modified by Singh et al (1997) to recover the starches. In this procedure, corn is steeped at 50°C for 48 hr in a manner similar to industrial practice.
Thermal Properties
Thermal properties of the starches were determined using procedures reported by Campbell et al (1994) and differential scanning calorimetry (DSC) equipped with a thermal analyzer data station (DSC-7, Perkin-Elmer, Norwalk, CT). Starch samples (4 mg) and water (8 mg) were weighed in aluminum pans. The pans were sealed and allowed to equilibrate for 1 hr. The pans were heated from 30 to 120°C at a rate of 10°C/min in the DSC heating chamber. This was adequate to completely gelatinize the starch. Onset (T o ) and peak (T p ) temperatures and change in enthalpy (∆H) for gelatinization were recorded. Peak height index (PHI) was calculated by dividing ∆H by [2 × (T p -T o )] (Krueger et al 1987) . After gelatinization, sample pans were stored at 4°C for seven days and then heated from 30 to 90°C for retrogradation analysis. Values of T o , T p , and ∆H for retrogradation were determined by DSC. Percentage of retrogradation was calculated by dividing ∆H for retrogradation by the ∆H for gelatinization.
Paste Behavior
Paste behaviors of the starches were determined by using a Rapid Visco Analyser (RVA) (model RVA 4, Newport Scientific, Warriewood, NSW, Australia) following the standard procedure (STD2) in Thermocline for Windows (User's Manual, Newport Scientific). An 8% (dwb) starch slurry with a final weight of 28 g was used. The STD2 profile involved equilibrating the slurry for 1 min at 50°C and increasing the temperature to 95°C at the rate of 6°C/min. The temperature was held at 95°C for 5 min and then decreased to 50°C at the rate of 6°C/min. The temperature was held at 50°C for 2 min. Peak temperature (PT), peak viscosity (PV), hot paste viscosity (HPV), cold paste viscosity (CPV), breakdown (BD), and setback (SB) values were recorded.
Gel Behavior
The starch pastes prepared in the RVA were poured into small aluminum canisters using the procedure described by Wang et al (1992) and stored at 4°C to cause gelation. The gel strengths (textures) of the starch gels were determined after one and seven days of storage at 4°C using a Voland texture analyzer (Texture Technologies, Scarsdale, NY). Gel strengths were measured at five different locations of freshly exposed surface.
Statistical Analysis
An unpaired parametric, multiple comparison test (SAS Institute, Cary, NC) was used to determine least significant differences (LSD) of properties among the accessions (three replicates) at the P < 0.05 level. SAS procedure CORR was used to determine correlation coefficients among the properties at P < 0.05, 0.01, and 0.001 levels.
RESULTS AND DISCUSSION
In addition to tables, the properties of starches recovered from the 49 GEM accessions, two widely grown commercial Dent hybrids, and two public Corn Belt inbreds are presented in the form of frequency distribution histograms, where the x-axis represents the property and the y-axis represents the number of observations (Figs. 1-3) . These are provided to show the range in data and identify extreme outliers.
Thermal Properties of GEM Starches
We observed wide ranges in values for the thermal properties of the starches recovered from the GEM accessions (Tables II and III, Fig. 1 ), in most cases wider than has previously been reported (Li et al 1994; Pollak and White 1997) . The onset gelatinization temperature (T o ) values for the GEM accessions were generally greater than those of the exotic lines and Corn Belt hybrids in other studies (Li et al 1994 Campbell et al 1995 Pollak and White 1997 . The lowest (67.6°C) and highest (72.0°C) T o values among the GEM accessions were for starches recovered from URZM 13061 (from Uruguay) Larger T o and T p values may be due to the compact nature of small starch granules and higher degree of molecular order of granules (Krueger et al 1987) . T o values also may be high due to increased chain lengths of amylopectin . We further recognize that T o and T p values are also affected by the annealing conditions to which the starch is exposed during steeping of the grain (50°C, 48 hr) (Kreuger et al 1987) , but similar conditions are practiced by all wet corn mills, and we chose to assess the starches as they would be recovered in industry practice.
The lowest (11.3 J/g) and highest (15.0 J/g) ∆H values for gelatinization among the GEM accessions were in starches recovered from BRA 052051 (SE 32 from Brazil) and Piura 196, respectively (Tables II and III (Campbell et al 1995) ]. Changes in enthalpy for gelatinization (∆H) of starches recovered from the GEM accessions were 11.3-15.0 J/g, but generally they were lower than for starches recovered from the commercial Dent hybrids (13.6 J/g) and greater than those of the Corn Belt inbreds (12.3 J/g). These differences in ∆H for gelatinization suggest that the starches from the GEM accessions might contain increased amylose, which results in less native alignment of hydrogen bonds within starch molecules .
Peak height index (PHI) is the ratio of ∆H for gelatinization to the gelatinization temperature range and is a measure of uniformity in gelatinization. PHI values for the starches recovered from the GEM accessions were 1.02-2.94 J/g/°C (Tables II and III, Fig. 1C) . The lowest and highest PHI values among the GEM accessions were in starches recovered from ARZEM 16035 (from Argentina) and Cash (from Ohio), respectively. The mean PHI of the GEM accessions (1.64 J/g/°C) was greater than that of the commercial Dent hybrids (1.32 J/g/°C), but was about the same as that of the Corn Belt inbreds (1.78 J/g/°C). Several GEM accessions yielded starches that were much more uniform in gelatinization than were observed in a previous study where PHI were 1.67-2.51 J/g/°C among exotic lines and 1.25-2.09 J/g/°C among Corn Belt inbred lines (Pollak and White 1997) . Larger values of PHI can be attributed to smaller but more uniform starch granule size, leading to greater ∆H for gelatinization and smaller gelatinization range.
The highest and lowest onset retrogradation temperatures (T o ) among the GEM accessions were for starches recovered from URZM 01089 (from Uruguay) and FS8B(T) (from Florida), respectively (Tables II and III) . Several GEM accessions had retrogradation T o values higher (1.7°C) than previously observed for exotic lines (Pollak and White 1997 a T o = onset temperature (°C), Tp = peak temperature (°C), ∆H = change in enthalpy (J/g), PHI = peak height index (J/g × °C), % Retro = % retrogradation. The lowest and highest changes in enthalpy (∆H) for retrogradation among the GEM accessions were for starches recovered from Lima 13 (from Peru) and Dominican Republic 269, respectively (Tables II and III (Pollak and White 1997) , 50.4% (Campbell et al 1995) ]. The lowest and highest % Retro values among the GEM accessions were for starches recovered from Lima 13 and URZM 01089, respectively. A wide range of % Retro values were observed for the GEM accessions and they had a slightly greater mean value than for the commercial hybrids and the Corn Belt inbreds (45.6% vs. 44.3 and 43.8% for the commercial Dent hybrids and Corn Belt inbreds, respectively) (Tables II and III, Fig. 1D ). Increased tendency of retrogration suggests increased proportion of amylose contents or length of outer amylopectin chains (Kasemsuwan et al 1995) .
Paste Behaviors of GEM Starches
The starches from the GEM accessions had wide ranges for some paste behaviors (Tables IV and V, Fig. 2 ). The lowest (72.4°C) and highest (78.6°C) pasting temperatures (PT) among the starches recovered from the GEM accessions were ARZM 03056 and URZM 13061, respectively. The mean PT values for the starches recovered from the GEM accessions were similar for all starches (75.0°C for the GEM starches vs. 73.5 and 79.1°C for the commercial Dent hybrids and the Corn Belt inbreds, respectively). a PV = peak viscosity, HPV = hot paste viscosity, CPV = cold paste viscosity, BD = breakdown (PV -HPV), SB = setback (CPV -HPV), all measured in Rapid Visco Analyser units (RVU). PT = pasting temperature (°C). Gel strengths after 1 and 7 days of storage at 4°C. b Least significant difference (P < 0.05).
Accession
The lowest and highest peak viscosity (PV) values among the GEM accessions (98 and 248 RVU, respectively) were for starches recovered from URZM 13061 and ARZM 01150, respectively (Tables  IV and V , Fig. 2B ). The mean PV of the GEM accession starches was considerably greater than that of the commercial Dent hybrids and the Corn Belt inbreds (179 RVU vs. 161 and 110 RVU for the commercial Dent hybrids and Corn Belt inbreds, respectively). Some GEM accessions had quite high PV values. Higher PV value is attributed to increased proportions of amylopectin in starches, which may relate to greater swelling and reduced free water (Zeng et al 1997) . Contrary to the thermal properties of starches from GEM accessions, which suggested higher levels of amylose, the paste behaviors of some starches (particularly BRA 052051 (SE) and British Virgin Islands 103) were more similar to waxy starches. Zeng et al (1997) found that harder grain produced starches with greater PV for a given amylose content. To some extent, this may explain the larger values of PV for starches from GEM accessions.
Cold paste viscosity (CPV) values for the GEM accession starches ranged from 227 (ARZM 03056) to 281 RVU (Antigua 3) (Tables  IV and V) . The mean CPV values of GEM accessions were greater than those of the commercial hybrids but similar to those of the Corn Belt inbreds (247 RVU vs. 238 and 246 RVU for the commercial Dent hybrids and Corn Belt inbreds, respectively). suggest that very long chain amylopectin mimic amylose to form helical complexes with lipid and intertwine with other chains to hold the integrity of starch granules during shearing and heating. After breakdown, long chain amylopectin and amylose may reassociate and thus increase the CPV.
The lowest and highest breakdown (BD) values were observed in starches recovered from URZM 13061 and ARZM 01150, respectively (Tables IV and V, Fig. 2C) . BD values for starch pastes of the GEM accessions were 75-113 RVU compared with mean values of 82 and 86 RVU for the commercial Dent hybrids and the Corn Belt inbreds, respectively. Lower amylose content contributes to high swelling and thus lower BD values . The more swollen the starch granule, the more sensitive the starch paste. Larger values of GEM starches suggest greater proportions of amylopectin.
The lowest and highest set back (SB) values were for starches recovered from ARZM 03056 and ARZM 16021, respectively (Tables  IV and V 
Gel Behaviors of GEM Starches
The lowest and highest one-day gel strengths were observed in starches recovered from Cuba 110 and BRA 052051 (SE 32), respectively (Tables IV and V , Fig. 3A) . The one-day gel mean strengths T o = onset temperature (°C), T p = peak temperature (°C), ∆H = change in enthalpy (J/g), PHI = peak height index (J/g × °C), % Retro = % retrogradation. Paste and gel behaviors: PV = peak viscosity, HPV = hot paste viscosity, CPV = cold paste viscosity, BD = breakdown (PV -HPV), SB = setback (CPV -HPV), all measured in Rapid Visco Analyser units (RVU). PT = pasting temperature (°C). Gel strengths after 1 and 7 days of storage at 4°C. b *,**,*** = Significant at P < 0.05, 0.01, and 0.001, respectively. a PV = peak viscosity, HPV = hot paste viscosity, CPV = cold paste viscosity, BD = breakdown (PV -HPV), SB = setback (CPV -HPV), all measured in Rapid Visco Analyser units (RVU). PT = pasting temperature (°C). Gel strengths after 1 and 7 days of storage at 4°C.
Line Thermal Properties
of starches recovered from the GEM accessions were 9.5-21.0 g vs. means of 13.2 and 9.6 g, for the commercial Dent hybrids and the Corn Belt inbreds, respectively. The lowest and highest seven-day gel strengths were observed in starches recovered from URZM 13061 and FS8A(T), respectively (Tables IV and V, Fig. 3B ). The seven-day gel mean strengths were 23.9-66.2 g vs. means of 24.9 and 20.2 g for the commercial Dent hybrids and the Corn Belt inbreds, respectively. Larger values of gel strengths could be due to larger proportions of long chain amylopectin and amylose.
Single Factor Correlation
Correlating thermal properties and paste and gel behaviors may be useful in reducing the number of tests needed to screen germplasm for starches with unique functional properties. Table VI shows correlation coefficients between the thermal properties and paste and gel behaviors of the starches from the 49 GEM accessions. PV and HPV were positively correlated with T o , T p , and ∆H for gelatinization, retrogradation T p , and PHI. Retrogradation T o was negatively correlated with PV but positively correlated with HPV. CPV was negatively correlated with ∆H for gelatinization. PT was negatively correlated with gelatinization T o , PHI, and retrogradation T o and T p .
One might expect PT and gelatinization T p to be strongly and positively correlated. However, gelatinization of starch is affected by the size of the granule, whereas the development of viscosity is largely due to the amylose and lipid contents present in the starch. Since the basic mechanism and constituents involved in the two events are different, their peak temperatures are also independent of each other. However, PT is always greater than peak gelatinization temperature. Gel strength after one day of storage was positively correlated with gelatinization T p . Gel strength after seven days of storage was strongly and positively correlated with gelatinization T o and T p , and weakly and positively correlated with retrogradation T p .
The correlations, however, were not sufficiently high to suggest that any of the tests can be eliminated when screening large numbers of starches. All tests provide relevant and useful information.
CONCLUSIONS
Most starches isolated from the GEM accessions possessed thermal properties and paste and gel behaviors statistically different (P < 0.05) from commercial hybrids and common Corn Belt hybrids. In general, the values for gelatinization T o and PHI for starches were greater, but ∆H of gelatinization values were less for the GEM starches (particularly BRA 052051 (SE 32)) recovered from the accessions than for the starches recovered from commercial Dent corn hybrids (11.3 vs. 13.6 J/g). Generally, retrogradation properties were similar among accessions, although there were specific accessions (particularly ARZM 13035) that possessed modestly lower ∆H of retrogradation (4.45 vs. 6.00 J/g). PV, CPV, and BD values were greater for the starches of the GEM accessions (particularly ARZM 01150, Antiqua 3, and URZM 01089, respectively) than for the starches of the commercial hybrids. PT values were about the same for all starches. Both one-day and seven-day gel strengths were considerably greater for the starches recovered from the GEM accessions (particularly BRA 052051 (SE 32), 21.0 g after one day and FS8A(T), 66.2 g after seven days).
Many of these differences starch properties were probably too small to be of practical significance to starch users. However, recurrent selection using selected GEM accessions may lead to hybrids possessing unique and possibly valuable properties. Those identified as having extreme values may be useful in recurrent selection efforts to produce corn with unique starches (BRA 052051 (SE 32), ARZM 13035, ARZM 01150, URZM 01089, FS8A(T), and Antiqua 3). The gel strengths of the starches isolated from the GEM accessions were considerably greater and may have practical implications. The large genetic variation among the thermal properties and paste and gel behaviors of starches recovered from the GEM accessions may be useful in developing hybrids with novel starches. While a number of thermal properties were correlated at low rejection levels with paste and gel behaviors, the correlations were not such that paste and gel behaviors could be predicted from DSC thermal properties.
